Introduction
Comprising 97% of the Earth's water and covering 7l % of the surface, the ocean plays a key role in climate change. As a main heat store for the world it has shown rapid and accelerating change in sea temperatures over the last few decades and has buffered many of the changes seen on land attributed to climate warming. It is the main store of carbon dioxide (C0 2 ), each year taking in about 2 petagram (2 x 10 15 g) from the atmosphere and exporting carbon via physical and biological processes to the deep ocean reservoir. Increases in sea temperature and changing planktonic systems and ocean currents may lead to a reduction in the uptake of CO 2 by the ocean; some evidence suggests the suppression of parts of the marine carbon sink are already underway. While the oceans have buffered climate change through the uptake of nearly 50% of CO 2 produced by fossil fuel burning this has already had an impact on ocean chemistry and will continue to do so. Feedbacks to climate change from ocean acidification may result from the expected impacts on marine organisms, ecosystems and biogeochemical cycles. These and other topics were discussed at a workshop of international experts held in London in March 2008. The meeting, sponsored by WWF, addressed key feedback processes from the ocean to the climate and included discussions on ocean acidification, ocean fertilization and the role of changes in the Arctic and North Atlantic Oceans and globally.
This document focuses on processes specifically relevant to the OSPAR region and does not include commentary on changes of a more global nature, such as the Monsoons, Upwelling/Anoxia, Hurricanes/Cyclones or changes in Antarctica and the Southern Ocean that may also impact the Northeast Atlantic region.
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The discussions at the workshop and a subsequent review of new information available since IPCC AR4, gathered from a large international group of contributors, will form the basis of a report that will be completed by late summer 2008. It is intended that the report will form a scientific contribution to the work of IPCC and will be used to inform OSPAR, other relevant international organizations and the wider scientific community, with summaries for the public and policy makers.
The report will discuss the implications of the observations of accelerating change and feedback mechanisms from the oceans to climate systems for climate change and its mitigation. There is also a recognition of the need to considerably improve observing systems to measure ocean processes, a need for more data on ocean feedbacks to be incorporated into Coupled Atmosphere-Ocean-Ice Global Circulation and other models and a need to refine the interpretation of common 'proxy' parameters from marine sedimentary archives so that palaeoceanographic reconstructions and in consequence understanding of forcing-mechanisms can be refined. This short note is to inform OSPAR of early findings of the report, with some preliminary conclusions and some recommended actions for OSPAR. Of particular note from the initial collation of this work are the following observations.
Ocean Physics, Ocean Circulation and the Hydrological Cycle
The oceans are changing rapidly because of the close relationship between the ocean and climate and especially so in the North Atlantic. As seen in the palaeo record, the changes may induce feedbacks that further accelerate and, in some instances may possibly ameliorate the speed of climate change.
For example, sea temperatures have increased in the upper 700 m of the water column with an increase in the heat content for the whole of the ocean. This is particularly pronounced in some permanently stratified regions of the tropics: it is penetrating polewards and contributing to the melting of the Arctic and parts of the Antarctic. The impacts on adjacent terrestrial systems and the Arctic are large, seen in for example longer growing seasons, northerly extension of organisms, droughts in Spain and Portugal, changes in the upwelling regime off the same area and a rapid decline in Arctic ice, all of which are continuing and possibly accelerating. Salinity in contrast has declined markedly in deeper waters of the Southern Ocean and in waters flowing from the Arctic with an observed change to higher salinities post 1997 in the sub-polar North Atlantic. These pronounced changes have altered the density of the upper layer of the ocean and appear to have changed the circulation of the ocean, reflected in the North Atlantic by a step-wise retraction of the sub-polar gyre to the west. Feedbacks to climate from these changes are potentially large, via changes to the ocean carbon pumps, changes in the hydrological cycle leading to changing patterns and intensity of precipitation! floods/ storms/ hurricanes/ monsoons, increased release of other greenhouse gases from the ocean e.g. methane from hydrates on Arctic shelves and coasts and some other potential feedbacks from rising sea levels on ice shelf stability for example.
Ocean Carbon Pumps
The oceans of the world playa central role in the natural global carbon cycle through biological uptake of CO 2 by phytoplankton plants, calcification and chemical solubility. They are estimated to have taken up close to 50% of the anthropogenic CO 2 released to the atmosphere since the beginning of the industrial revolution. Four carbon pumps contribute to these uptake processes:
The Biological Pump, where settling debris from the plankton is slowly transferred to the deep ocean The Solubility Pump, where CO 2 is transferred to the deep ocean in dense brines released when ice is fonned at the surface in polar latitudes; The Continental Shelf Pump, which transfers particulate and dissolved carbon to the deep ocean from continental margins; Carbonate Pump where carbon is 'fossilised' during the formation of carbonates by both planktonic and benthic systems (e.g. corals).
The relative importance, spatial and temporal variability of the pumps is little known and poorly monitored.
Feedbacks to climate derive from the expectation that the pumps will be less efficient in a warmer world and there is already evidence that the uptake of carbon by the ocean appears to be slowing down (i.e. taking up less CO 2 from the atmosphere). Part of the evidence derives from an expansion of subtropical permanently stratified waters leading to a reduction in net primary production and less efficient biological pump. In the Southern Ocean, which has the strongest carbon sink, a weakening trend in the sink has been attributed to an observed increase in winds. There is also mounting evidence on a global scale that between the periods 1981 and 2007 the levels of the partial pressure1 of CO 2 (PC0 2 ) in the water are increasing at a much faster rate than the increase of atmospheric CO 2 , with an especially pronounced reduction in the Northeast Atlantic since ,...,1995. If these trends continue atmospheric levels of C02 will further accelerate and temperatures will rise even faster than projected at present. Finally, it is worth noting that the different ocean carbon pumps are not well represented in global climate models.
The Arctic
Rapid changes are taking place in the Arctic Ocean with the most extensive reduction in summer ice cover ever recorded last September and the summer time minima in 2008 is again expected to break all records. There is now little thick multiyear ice left which makes the Arctic increasingly vulnerable to ice loss from warming and increased windiness blowing the ice into the northern Atlantic. The ocean has warmed with inputs of oceanic water from both the North Atlantic and North Pacific. The reduction in ice allowed the first trans-Arctic migration of a Pacific organism into the Northern Atlantic, the diatom Neodenticula seminae for more than 800,000 years in 1998/99 and further introductions are expected following the ice reduction last summer. Such introductions could have a huge impact on the North Atlantic biological pump as well as on biodiversity and ecosystems as occurred in the last major introduction of Pacific species in the Pliocene. Feedbacks are thought to be in action due to sea ice loss and the albedo effect and activations of both sea ice motion and upper ocean circulation, which are further exacerbating warming. The reductions in ice may also accelerate climate change through changes to the carbon pumps and possibly from the release of methane from hydrates contained in submerged permafrost on the Arctic shelves and coasts. Warmer sea temperatures around Greenland and more extensive ice free areas in the Arctic, through heat transfer to the atmosphere, are likely to be contributing to the accelerated melting of the Greenland ice sheet. Finally, recent observations have shown a jump in atmospheric concentrations of methane (from an organic based source) that are believed to have originated from the Arctic, suggesting that this feedback mechanism is now active 1 The exchange of carbon dioxide (C0 2 ) between sea surface waters and the atmosphere is driven by the difference in partial pressure of CO 2 (PC0 2 ). If the pC0 2 in the ocean is higher than that of the atmosphere, CO 2 will diffuse into the atmosphere thus the oceans will act as a source of carbon dioxide and if pC0 2 in the ocean is lower vice versa. The partial pressure is the pressure of a gas in a mixture, and is equal to the pressure it would have been if it were the only gas in the specified volume. The total pressure is the sum of all the partial pressures.
Acidification
Another major consequence of the increasing input of anthropogenic CO 2 to the atmosphere is a larger uptake of CO 2 by the oceans across the air/sea interface. This transfer leads to higher levels of carbon in surface waters and by reaction, more acidic (lower pH) sea water. The rapid change that is taking place in pH is threatening planktonic and benthic ecosystems including coral reefs. Planktonic plants (phytoplankton) comprise 50% of global primary production and form the base of the food chain for all other marine organisms. Potential changes in plankton community structure and function due to increasing acidification are likely to have profound implications for biodiversity and living marine resources with likely major feedbacks to the carbon cycle. The surface ocean is becoming more acidic more rapidly than predicted so that particularly vulnerable organisms in the colder waters of the Arctic such as the aragonitic pteropods are potentially vulnerable. As research in this area is still at an early stage, potential impacts on other organisms are still far from clear with varying experimental results for different groups, although the majority show a deleterious impact on calcifiers. It does appear however, that fundamental effects on the physiology of organisms can be expected and although adult sensitivity has also been shown in several species, and that juveniles and larvae may be even more sensitive than adult stages. The speed of change in ocean pH is much faster than experienced over millions of years and there is concern that ocean organisms may not be able to adapt to the rate of change experienced at the present day. In the geological past when change was more gradual, e.g. the Cretaceous, organisms were able to adapt and there was an increase in net calcification. Our understanding of ecological responses to pH at the present day is basic and the indications at present are largely that calcification will reduce at the speed of change that is currently being experienced, but the opposite may prove to be the case. While calcification can provide a long-term repository for carbon the process of calcification has the opposite effect to primary production. During calcification the pH of the adjacent water is changed and this causes CO 2 to be released into the water, which can outgas to increase levels in the atmosphere. There is an urgent need to improve our understanding of these processes. Feedbacks:
Coccolithophores, foraminifera and pteropods are key contributors to the open ocean carbonate pump and act as ballast to sinking organic material so changes in their ecological dynamics are likely to have a profound impact on the ocean carbon pumps.
Conclusions
• Pronounced changes in temperature, salinity (density) and upwelling have occurred in surface and deeper waters of the oceans, contributing with changing patterns and strength of winds to an alteration in ocean circulation. Together these changes have a potentially large impact through feedbacks on Climate Change.
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• The relative importance, spatial and temporal variability of the four ocean carbon pumps (Biological, Solubility, Continental Shelf and Carbonate) , that are so important to the role that the ocean has as a sink for atmospheric carbon, is little known and poorly monitored. There is already evidence that the uptake of carbon by the oceans is slowing down. Given their importance there is an urgent need to improve understanding of these carbon pumps.
• There is mounting evidence on a global scale that between the periods 1981 and 2007 the levels of pC0 2 in the water are increasing at a much faster rate than the increase of atmospheric CO 2 , with an especially pronounced reduction in the Northeast Atlantic since'"1995. If these trends continue, atmospheric levels of CO 2 will further accelerate and temperatures will rise even faster than projected at present.
• Rapid melting of Arctic sea ice has taken place over the last decade with a record reduction in the Arctic summer of 2007 and even greater reductions expected this year. The resulting extensive areas of open water are helping to accelerate the melting through feedbacks generated from the changes in albedo, ocean circulation and ice motion. In tum these changes lead to further potential feedbacks on the biological pump, methane release from hydrates and intensified melting of the Greenland ice sheet and wider field effects on Climate Change.
• Ocean acidification is another major consequence of increasing anthropogenic inputs of CO 2 to the atmosphere. Calcareous components of the plankton such as coccolithophores, foraminifera and pteropods have an important role as ballast to sinking organic material in the oceans so any change in their ecological dynamics due to increasing acidification is likely to have a profound impact on the ocean carbon pumps. There is an urgent need to improve knowledge of the net calcification responses of planktonic and benthic organisms to acidification on a global scale, given evidence from the geological record and our current poor understanding of responses of marine organisms to changes in pH.
• A key conclusion relevant to aspAR is the recognition of the current inadequate status of ocean observations to address oceanic feedbacks to climate change, the need to implement as a high priority improved measurements of ocean processes through the development of a comprehensive, sustained and globally extensive ocean observing system and an urgent need for increased support for integrated ocean climate modelling using state-of-the-art Coupled Atmosphere-Ocean-Ice Global Circulation and other models.
